ABSTRAa. To assess whether nocturnal gonadotropin of puberty simply by measurement of gonadotropin peak concentration profiles in children could be predicted by levels after GnRH administration. (Pediatr Res 31: 535-measurement of peak gonadotropin levels after gonadotro-539,1992) pin-releasing hormone (GnRH) administration, we measured spontaneous gonadotropin levels every 20 min and the eronadotro~in res~onses to low-dose GnRH using an ultraAbbreviations --sensitive, time-resolved immunofluorometric assay in 61 boys with short stature and/or delayed puberty. SpontaGnRH, gonadotropin-releasing hormone neous nocturnal LH pulses were observed in 58 out of 61 patients. After GnRH administration in a dose of 25 ng/ kg, all of the 61 patients had significant LH and FSH responses, and GnRH-stimulated peak LH and FSH levels were highly correlated with maximal spontaneous nocturnal LH and FSH levels, respectively ( r = 0.83 for LH and Previous studies have shown that gonadotropin secretion is r = 0.91 for FSH; p < 0.00001). Analysis of individual pulsatile and shows marked circadian rhythm due to nocturnal subjects revealed that GnRH-stimu1ated peak LH levels augmentation of gonadotropin ~ecretion well before the onset of were almost identical to maximal nocturnal LH levels in puberty and that this nocturnal secretion is dramatically inthe subjects whose GnRH-stimulated peak LH levels were creased with puberty (1 -7). Therefore, investigation of the precise between 5 and 10 IU/L, whereas GnRH-stimulated peak pattern of changes in circulating gonadotropin concentrations in LH levels tended to be higher than maximal nocturnal children around pubertal onset is essential for us to understand levels in the subjects whose ~~~~-~~i~~l~~~d peak LH the neuroendocrinologic mechanism in the onset of puberty and levels were 5 IU/L or lower, T~ determine if there were may contribute to early diagnosis of potential abnormalities of any in the gonadotropin response to G~R H the onset of puberty. However, studies of spontaneous circulating that might be useful in distinguishing early pubertal boys gonadotropin concentrations in children are often difficult befrom prepubertal boys, we evaluated the gonadotropin re-cause a large The GnRH test is sponse to GnRH in 44 prepubertal and early pubertal less cumbersome and more cost-effective than nocturnal frequent normal short boys. Although maximal nocturnal LH levels sampling. The choice of GnRH doses has been widely discussed, did not overlap between prepubertal and pubertal groups, and large doses of approximatel~ loo p d r n 2 were GnRH-stimulated LH peak levels overlapped considerably used to obtain a maximal release of gonadotropin. However, the between the two groups. Even the GnRH-stimulated peak diagnostic reliability of such a standard GnRH bolus test is often questionable in children because the dosage of GnRH in the LH to peak between the two standard test produces supraphysiologic stimulation to pituitary In the use of an 'ltrasensitive assay gonadotrophs (8, 9) . In the present study, we measured the enabled us to detect gonadotropin response to GnRH stim-gonadotropin response to a single physiologic dose of G~R H ulatiOn in a 25 ng/kg in the subjects, it was (10) by using an ultrasensitive, time-resolved immunofluorodifficult to predict the precise changes in spontaneous metric assay in fj 1 children investigated for potential problems circulating gonadotropin concentrations around the onset with growth and/or development. Concurrently, we studied not-
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The GnRH test is sponse to GnRH in 44 prepubertal and early pubertal less cumbersome and more cost-effective than nocturnal frequent normal short boys. Although maximal nocturnal LH levels sampling. The choice of GnRH doses has been widely discussed, did not overlap between prepubertal and pubertal groups, and large doses of approximatel~ loo p d r n 2 were GnRH-stimulated LH peak levels overlapped considerably used to obtain a maximal release of gonadotropin. However, the between the two groups. Even the GnRH-stimulated peak diagnostic reliability of such a standard GnRH bolus test is often questionable in children because the dosage of GnRH in the LH to peak between the two standard test produces supraphysiologic stimulation to pituitary In the use of an 'ltrasensitive assay gonadotrophs (8, 9) . In the present study, we measured the enabled us to detect gonadotropin response to GnRH stim-gonadotropin response to a single physiologic dose of G~R H ulatiOn in a SUBJECTS AND METHODS Subjects. Sixty-one Japanese boys attending the Kobe Children's Hospital for investigation of short stature and/or delayed puberty were studied. Clinical characteristics of these subjects are summarized in Table 1 . Out of 61 subjects, 54 were short but found to be endocrinologically normal (normal short boys), four had idiopathic hypogonadotropic hypogonadism, and three had multiple pituitary hormone deficiency. Pubertal development was assessed according to Tanner's criteria (1 1). Among 54 normal short boys, 44 boys were prepubertal [G (genital development) = 1, P (pubic hair distribution) = 11 and the remaining 10 boys were early pubertal (G = 2-3, P = 2-3). All of the patients with idiopathic hypogonadotropic hypogonadism and all of the patients with multiple pituitary hormone deficiency had no evidence of pubertal onset. Bone age was evaluated according to the standards of Greulich and Pyle (12) . Informed consent was obtained from all children and/or parents. The protocol was approved by the ethical committee of the Kobe Children's Hospital.
Protocol. Blood samples were drawn for LH and FSH measurement at 20-min intervals for 25 h starting at 1000 h from 44 out of 6 1 patients. After the 25-h period of blood sampling was completed, GnRH (LHRH; Tanabe, Tokyo, Japan) was administered i.v. in a dose of 25 ng/kg, and plasma LH and FSH were measured every 20 min for the next 2 h. From the remaining 17 patients, blood samples were drawn at 20-min intervals for 3 h in the daytime starting at 1000 h and for 8 h in the nighttime starting at 2200 h. At 1100 h the following morning, GnRH was administered i.v. in a dose of 25 ng/kg, and blood samples were drawn at 20-min intervals for 1 h before and for 2 h after GnRH injection.
Hormone assay. Plasma LH and FSH concentrations were measured in duplicate by a time-resolved immunofluorometric assay using a DELFIA LH kit and an FSH kit ( the zero standard provided by the manufacturer. Values below the detection limit were assigned the value of the detection limit.
The recovery of purified LH standard varied from 98 to 110% when 22.5, 37.5, and 62.5 IU/L LH standards were added to samples. The recovery of purified FSH standard varied from 100 to 108% when 8.0, 32.0, and 80.0 IU/L FSH standards were added to samples. All samples of one patient were run in one assay.
Analysis of data. Pulses within the LH data series were evaluated using Cluster analysis (13) . A 1 x 1 (test nadir 1, test peak 1) cluster size was used, and the t statistic was set at 2.5 for both upstroke and downstroke, so that the false-positive rate would be less than 2% on signal-free noise generated by assaying 100 replicates of a single serum pool. Because plasma FSH has a longer circulating half-life and does not show as distinct a pulsatile pattern as plasma LH, we did not evaluate pulses within the FSH data series using Cluster analysis. GnRH-induced gonadotropin responses were considered significant only if they reached a maximum within 40 min for LH and 60 min for FSH and if plasma gonadotropin levels obtained for 2 h after GnRH administration (six samples) were significantly higher than those obtained for 2 h at the same hour on the previous day. Nighttime values corresponded to the period 2200-0600 h, and the relationship between gonadotropin concentration profiles during the nocturnal 8-h period and the GnRH-stimulated gonadotropin peak level was examined by linear regression analysis. Because there was great variation in the number of subjects among the four groups (Table l) , statistical comparisons of gonadotropin pulse properties among the four groups were not performed. All data are shown as the mean + SEM.
RESULTS
Nocturnal gonadotropin concentration profiles. Spontaneous nocturnal LH pulses were observed in 58 patients, including four patients with idiopathic hypogonadotropic hypogonadism. Peak height of LH in these 58 patients widely ranged from 0.13 to 11.44 IU/L. The remaining three patients, who had multiple pituitary hormone deficiency, showed no detectable LH pulsations, giving extremely low mean nocturnal concentrations of 0.02 to 0.06 IU/L. Except for the three patients with multiple pituitary hormone deficiency and the four patients with idiopathic hypogonadotropic hypogonadism, all of the patients showed nocturnal augmentation of LH concentrations. Detailed properties of the nocturnal gonadotropin concentration profiles are presented in Table 2 . Although statistical comparisons of gonadotropin pulse properties among the four groups were not performed (see Subjects and Methods), nocturnal 8-h mean LH and FSH concentrations, mean LH amplitude, and mean LH nadir in early pubertal boys tended to be higher than those in all other groups. Conversely, there was little difference in nocturnal LH pulse frequency and pulse interval among the four groups.
Gonadotropin response to GnRH. After GnRH administration in a dose of 25 ng/kg, all of the 6 1 patients had a significant LH and FSH response within 40 min and 60 min, respectively ( p < 0.05). As shown in Figure 1 , peak gonadotropin level after GnRH administration was highly correlated with maximal nocturnal gonadotropin level (r = 0.83 for LH and r = 0.91 for FSH, p < 0.00001). Representative spontaneous concentration profiles of gonadotropin and gonadotropin response to low-dose GnRH from the study subjects are shown in Figure 2 . In two early pubertal normal short boys ( Fig. 2c and d) , GnRH-stimulated peak LH levels were almost identical to the maximal spontaneous nocturnal LH levels. Conversely, in a prepubertal normal short boy (Fig. 2a ) and a patient with hypogonadotropic hypogonadism (Fig. 2b) , GnRH-stimulated peak LH levels were higher than maximal nocturnal LH levels. Figure 3 illustrates the comparison between maximal nocturnal gonadotropin level and peak gonadotropin level after GnRH administration in each of the 61 subjects. In the subjects whose peak LH levels after GnRH * Values are the mean + SEM (range). All LH pulse properties were evaluated using Cluster analysis (I 5). Patients with multiple pituitary hormone deficiency had no detectable LH pulsations. Because there was great variation in the number of subjects among the four groups, statistical comparisons of gonadotropin pulse properties among the four groups were not performed. The relationship between maximal nocturnal gonadotropin levels and peak gonadotropin levels after GnRH administration in a dose of 25 ng/kg. GnRH-stimulated peak LH and FSH levels were highly correlated with maximal spontaneous nocturnal LH and FSH levels, respectively ( r = 0.83 for LH and r = 0.91 for FSH, p < 0.00001).
administration were approximately 5-10 IU/L, GnRH-stimu-the two groups. Peak LH levels after GnRH administration in lated LH peak levels were almost identical to maximal nocturnal prepubertal group and early pubertal group were within the LH levels. There was no significant difference between them: the ranges of 0.23-6.6 1 and 6.07-18.1 IU/L, respectively. Three of GnRH-stimulated LH peak level was 7.08 + 0.36 IU/L and the the former group and two of the latter group overlapped (Fig. 5) . nocturnal maximal LH level was 7.37 + 0.76 IU/L ( p = 0.56, With regard to GnRH-stimulated peak LH to peak FSH ratio, by paired t test). On the other hand, in the subjects whose peak 10 out of 44 prepubertal boys showed an LH-predominant LH levels after GnRH were 5 IU/L or lower, the GnRH-response, and one out of 10 early pubertal boys showed an FSHstimulated LH peak levels tended to be higher than maximal predominant response. Therefore, it was impossible to distinnocturnal levels and maximal nocturnal values spread so widely guish prepubertal boys from early pubertal boys without overlapthat nocturnal secretion appeared quite different in some cases, ping by the low-dose GnRH test. even with almost equal GnRH-stimulated peak LH levels.
Inasmuch as the GnRH-stimulated peak LH to peak FSH ratio has been used as a diagnostic test of the pubertal onset of the DISCUSSION GnRH neuron (14, 1% we assessed whether the low-dose GnRH
In the present study, we examined whether spontaneous cirtest could predict nocturnal mean LH to mean FSH ratio. In culating gonadotropin concentrations could be predicted by go- Figure 4 , the nocturnal mean LH to mean FSH ratio was plotted nadotropin response to a single physiologic dose of GnRH. With on the vertical axis, and the GnRH-stimulated peak LH to peak the ultrasensitive assay, we could analyze spontaneous gonado-FSH ratio was plotted on the horizontal axis. When this figure tropin concentration profiles in detail. As a result, spontaneous was divided into four parts at 1.0 on each axis, the upper left nocturnal LH pulses were observed in all of the prepubertal quarter contained no points. This means that nocturnal concen-normal short boys. Furthermore, even in the four patients with tration profiles of gonadotropin were always FSH predominant idiopathic hypogonadotropic hypogonadism, significant LH in subjects who showed an FSH-predominant response after pulses were detected by Cluster analysis, and nocturnal mean GnRH administration. However, no particular tendency was concentrations in these patients were within the range of those observed in nocturnal concentration profiles in subjects who in prepubertal normal short boys. Interestingly, these four pashowed an LH-predominant response after GnRH administra-tients did not show nocturnal augmentation of LH concentration.
tions, whereas prepubertal boys did show significant nocturnal Changes in circulating gonadotropin concentrations around augmentation of LH concentrations. These findings are in agreepuberty. In the investigation of 54 normal short boys, all of them ment with a previous report (7) and may contribute to early showed nocturnal pulsatile secretion of LH. The maximal spon-diagnosis of idiopathic hypogonadotropic hypogonadism. taneous nocturnal LH levels in prepubertal and early pubertal
In contrast to nocturnal mean LH level and mean LH amplinormal short boys were within the ranges of 0.15-6.24 and 6.25-tude, there was little difference in nocturnal LH pulse frequency 13.8 IU/L, respectively, and there was no overlapping between among the four groups in this study. This finding is in close all of the subjects. As a result, highly positive correlation was observed between maximal nocturnal gonadotropin levels and agreement with the previous report that LH peak amplitude increased significantly with increasing pubertal stage, whereas LH peak frequency did not change (4, 15) . This implies that an alteration in circulating LH levels during physiologic and pathologic puberty is through a change in LH pulse amplitude rather than pulse frequency. The LH pulse interval in our 44 prepubertal boys was significantly negatively correlated with bone age (r = -0.46, p < 0.001); however, the LH pulse interval in prepubertal boys who had bone ages of older than 5 y was not significantly correlated with bone age (data not shown). These findings suggest that even an ultrasensitive assay could not detect very LH pulses in very young had bone ages of boys a n d early pubertal boys.
GnRH-stimulated peak gonadotropin levels. Particularly in the subjects whose GnRH-stimulated peak LH levels were approximately 5-10 IU/L, GnRH-stimulated peak LH levels were almost identical to maximal nocturnal LH levels. This suggested that in such cases the administration of GnRH in a dose of 25 ng/kg gave peripheral plasma concentrations close to the physiologic portal plasma concentration of GnRH (10) . Conversely, in the subjects whose GnRH-stimulated peak LH levels were 5 IU/L or lower, maximal nocturnal LH levels were often lower than GnRH-stimulated peak levels. In the case of low nocturnal LH secretion, the low level of spontaneous GnRH secretion was able to maintain the synthesis of gonadotropin in the pituitary gland; however, such a low level of GnRH secretion failed to release enough gonadotropin. Therefore, a relatively large, releasable gonadotropin pool may have been formed. Because this gonadotropin pool was released by exogenous GnRH, GnRHstimulated peak LH levels may become higher than nocturnal maximal LH levels (10, 16) . In other words, in the subjects whose GnRH-stimulated peak LH levels were 5 IU/L or lower, peripheral plasma concentration of GnRH obtained by 25 ng/kg GnRH administration may be higher than the physiologic pituitary portal plasma concentration of GnRH. Furthermore, the overlapping in GnRH-stimulated peak LH levels observed between prepubertal boys and early pubertal boys may have occurred because the GnRH-stimulated peak LH level in prepubertal boys became higher than the maximal LH levels of nocturnal circulating concentrations. In some cases, however, the maximal nocturnal LH level was higher than the GnRH-stimulated peak LH level. This suggested that in such cases the gonadotropin pool had not been formed in gonadotrophs because of an impairment in the pituitary gonadotrophs.
It is known that the gonadotropin response to exogenous GnRH changes from an FSH-predominant pattern to an LHpredominant pattern with the onset of puberty (14, 15) . In addition, it is reported that spontaneous nocturnal concentration profiles of gonadotropin change from an FSH-predominant pattern before puberty to an LH-predominant pattern after the onset of puberty (1 7). The present study disclosed that nocturnal spontaneous concentration profiles of gonadotropin were always FSH-predominant in subjects who showed an FSH-predominant response after GnRH administration. However, we failed to find any particular tendency in nocturnal gonadotropin concentration profiles in subjects who showed an LH-predominant response after GnRH administration. These findings suggested that an LH-predominant pattern appears in the gonadotropin response to exogenous GnRH at an earlier age than it does in nocturnal spontaneous concentration profiles of gonadotropin. In the investigation of 54 normal short bovs. 10 out of 44 --, > prepubertal boys showed an LH-predominant response to GnRH administration. These 10 had a significantly (r, < 0.05) older mean bone age than the remaining 34 boys. Only 1 out of 10 early pubertal boys showed an FSH-predominant response. These findings obtained from 54 normal short boys may apply more generally to normal healthy boys, because the short boys studied here were endocrinologically normal without any evidence of systemic disease, malnutrition, or psychosocial disturbances. Therefore, we consider it difficult to detect the onset of puberty by GnRH-stimulated peak LH to peak FSH ratio, at least in boys.
In conclusion, although a significant gonadotropin response to GnRH administration in a dose of 25 ng/kg was detected by using ultrasensitive assay in all subjects, it was difficult to predict changes in spontaneous gonadotropin concentration profiles around puberty by measurement of peak gonadotropin level after GnRH administration alone. Further detailed study may be necessary on dose, route, and time of GnRH administration to establish more accurate hormonal criteria for detecting pubertal onset.
